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ABSTRACT 
Understanding links between a species’ migratory behavior, wing morphology, and 
foraging strategy can provide insight into factors driving the evolution of behavioral and 
ecological responses. The first chapter of this thesis examines the use of a river corridor as a 
migratory guide for bats. Results indicated no seasonal movement along the Missouri River 
corridor, indicating that the river was not being used as a key feature for migration. These results 
align with other recent studies. The second chapter examined the impacts of foraging habitat on 
wing morphology in two bat species. Expected differences between species were found in the 
wing shapes of the study species. No biologically significant differences were identified within 
species across different habitats. High gene flow and preferential habitat use may explain this. 
The results of these studies build upon past work on bats in North Dakota and provide insight 
into the behavior and morphology of bats.  
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CHAPTER 1: IMPORTANCE OF MIGRATORY CORRIDORS FOR TEMPERATE 
BATS 
Abstract 
 Investigating landscape level movement patterns of migratory animals can often be 
challenging, yet this is a major component of an animal’s life history and behavior. In particular, 
migration by bats has historically been difficult to characterize, yet research in recent decades 
has progressed much in the field of bat migratory ecology. It has been largely accepted that 
rivers and other linear landscape features may be important migratory corridors for bats during 
both long and short distance migrations. However, this idea is primarily based on a handful of 
studies throughout the world, and recent studies have questioned the importance of linear 
features in bat migration, warranting further evaluation. The goal of this work was to assess the 
migratory behavior of multiple temperate bat species along a major river corridor by using 
seasonal directional passes as an estimate for migratory behavior. Count comparisons within 
species and across seasons demonstrated significant differences in directionality in one season 
for two species. However, the variation explained, as estimated from generalized linear mixed 
effects models found, that the effects of season and species explained less than one percent of the 
variation of directional passes, potentially indicating an absence of season-specific movement 
patterns along the studied river corridor. 
Introduction 
 Migratory behavior has evolved independently in a variety of taxa including insects, 
reptiles, birds, and mammals and plays a critical role in mate and resource acquisition. Although 
migration is generally high risk and incurs considerable energetic costs, these are outweighed by 
the benefits of reaching habitat rich in forage, mates, and shelter (Avgar et al. 2014). How and 
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via what pathways migratory animals travel during migration are questions researchers have only 
recently been able to answer with precision, with modern technologies being largely responsible 
for this progress. Most notably, advancements in global positioning systems (GPS) satellite 
telemetry have led to a greater understanding of the mechanisms and routes taken by some large 
birds during migration (García-Ripollés et al. 2010; Bouten et al. 2013). However, many animals 
are too small to bear the additional costs of carrying current GPS tracking devices (Aldridge and 
Brigham 2014). Despite the relative difficulties of investigating the migratory ecology of such 
animals, it is essential that these species be given due attention to further understand the 
mechanics of seasonal migration, especially with the rise of introduced diseases across the globe 
(Kilpatrick et al. 2010; Froschauer and Coleman 2012). 
Many species of temperate bats regularly undertake seasonal migrations. The scale of 
these migrations is largely linked to species variation in roosting requirements and hibernation 
behavior (Fleming and Eby 2003). Sedentary bats typically roost in trees or geologic cavities 
during the summer and utilize nearby hibernacula during the winter. In the absence of nearby 
hibernacula, these bats can exhibit short-range migratory behavior, migrating distances in the 
hundreds of kilometers to suitable hibernacula. These bats are classified as “regional migrants 
(Griffin 1970; Krauel and McCracken 2013.” Exclusively foliage roosting bats tend to migrate 
greater distances (>1000km) for winter roosting habitat; these bats are known as “long-distance 
migrants” and do not typically engage in seasonal hibernation (Fleming and Eby 2003). 
Understanding these different strategies is essential for effective species-specific management 
and for identification of potential threats during migration  
Population genetic studies (Kerth et al. 2003; Moussy et al. 2013; Johnson et al. 2014), 
and stable isotope analyses (Cryan et al. 2004; Sullivan et al. 2012; Fraser et al. 2017) have 
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provided information about broad-scale patterns of movement, yet the specific pathways bats 
take while migrating remain largely unclear (Cryan 2003; Baerwald et al. 2014). Evidence has 
supported the hypothesis that some tropical species, particularly nectar and fruit bats, migrate 
along forage corridors where fruits and flowers become sequentially abundant along a 
geographic gradient (Fleming et al. 1993). However, this sort of behavior has not been observed 
in temperate insectivorous bats. Temperate bats are instead thought to rely on linear landscape 
features, in addition to magnetic compasses, as primary guides during seasonal migration (Wang 
et al. 2007; Holland et al. 2008; Furmankiewicz and Kucharska 2009; Ijäs et al. 2017). Several 
studies have supported the hypothesis that bats use linearly oriented bodies of water (i.e. coasts 
and rivers) as migratory corridors (Jarzembowski 2003; Furmankiewicz and Kucharska 2009; 
Rydell et al. 2014; Ijäs et al. 2017). However, recent work in North America using GPS trackers 
and broad spatial scale telemetry have suggested geographic corridors may not be as important to 
bats during migration as once thought (Weller et al. 2016; Krauel et al. 2017). 
Investigations of temperate bat migratory corridors, especially rivers, are extremely 
limited; there is only one study that is frequently sited that directly assesses the use of rivers as 
migratory corridors by temperate bats (Furmankiewicz and Kucharska 2009) . In this study, we 
aimed to document mass seasonal movements of sedentary/regional and long-distance migratory 
bats along a major river corridor in North America. We hypothesized that both /regional and long 
distance migratory bats residing in riparian habitat with little to no surrounding natural geologic 
hibernacula would display season-specific movements along a river (i.e., northward in Spring, 
southward in Fall). Although these bats typically exhibit different migratory strategies, the 
absence of known hibernacula paired with the proximity of a major riparian corridor suggests 
both regional migrants and long-distance migrants may result in convergent migratory strategies. 
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We used paired microphones of high-frequency acoustic detectors at multiple sites along a major 
river corridor to determine directionality of bat flight, with the goal of investigating the role of a 
riparian corridors in seasonal migration. 
Methods 
Study Area 
The riparian areas along the North Dakota segment of the Missouri River are comprised 
mainly of cottonwood stands, grasslands, and wetlands, and house many resident bat species 
(Johnson et al. 1976, 2012; Nelson et al. 2015). These riparian areas are surrounded by 
agriculture and prairie, creating a relatively narrow corridor of optimal bat habitat. Although the 
Missouri River Valley offers habitat rich in summer foraging and roosting resources, the absence 
of natural hibernacula or widely used anthropogenic alternatives, such as mines, necessitates bats 
vacate this area for the winter months. Since the Missouri River Valley is the largest natural 
Figure 1.1. Map of study sites along the Missouri River. Sampling sites from 2016 
(two sites, black dots) and 2017 (three sites, white dotes) are displayed. 
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North-South running landscape feature in the region, it has the potential to act as a migratory 
corridor for bats. 
Acoustic Detection 
We used acoustic detectors to continuously monitor the passage of bats along a riparian 
corridor of the Missouri River Valley in central North Dakota. Two detectors were deployed 
from March 25th until October 22nd 2016, and three detectors were deployed from April 7th until 
October 20th in 2017. Sampling was continuous with the exception of sporadic gaps due to 
equipment malfunction. The end of the first week of June and the beginning of the last week of 
August were set as dates for the beginning and end of Summer, respectively. All calls recorded 
prior to the end of the first week of June were classified as Spring, and all calls recorded after the 
beginning of the last week of August were classified as Fall. Sites spanned a ~100km along the 
Missouri River, which varied in width from 300-1000 meters at any individual site. Specifically, 
sites were located within Cross Ranch State Park, Fort Lincoln State Park, Riverdale Wildlife 
Management Area, and Sibley Nature Park (Fig. 1).  
Acoustic monitoring methods were adapted and modified from past studies to assess 
migratory behavior (Jarzembowski 2003; Furmankiewicz and Kucharska 2009). At each site, 
SM3BAT (Wildlife Acoustics, Concord, Massachusetts) acoustic detectors were used to record 
calls of passing bats and, when possible, determine their flight direction. Detectors were set to 
record from 30 minutes prior to sunset until 30 minutes after sunrise based on each unit’s 
specific GPS coordinates. Two microphones linked to these detectors were mounted on tripods 
0.5m from the ground, aimed away from each other, angled slightly towards the river, and were 
spaced 10m apart parallel with the river (Fig. 1). When one of the microphones was triggered, 
both began recording simultaneously. Recordings from these microphones were automatically 
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combined into a single stereo file with two channels. To maximize battery life and allow 
continuous nightly sampling, the detectors were connected to 12V car batteries and charged daily 
with 10W solar panels. Memory SD cards (64 GB) were exchanged every two to three weeks. 
The bat classification software, SonoBat (version 3.03 MT plains, SonoBat, Arcata, CA), was 
used to analyze and identify bat calls to the species level with 0.95 confidence. 
All research conducted on live animals adhered to the guidelines of the American Society 
of Mammalogists (Sikes 2016). This research was approved by the North Dakota State 
University Institutional Animal Care and Use Committee (Protocol #A16056). 
Analysis of Directionality 
Calls from each stereo channel were batch analyzed using the Pulse Train Analysis 
function in the acoustics software, SASLab Pro (Avisoft Bioacoustics, Berlin, Germany). A 
baseline amplitude threshold of 0.15V was chosen to ensure nearness of assessed animals. Due to 
numerous insect calls overlapping with those of bat calls in both amplitude and frequency, a 
pulse duration maximum of 0.65s was used to exclude recordings with insect calls. 
Figure 1.2. Graphical representation of methods adapted and modified for this study. See 
Jarzembowski (2003) and Furmankiewicz and Kucharska (2009) for original methods. 
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Directionality was assigned by assessing differences in time of call arrival at each 
microphone. The Pulse Train Analysis output from each stereo channel was used to obtain the 
time at which a call was first detected based on the 0.15V threshold of each microphone. 
Directional movements were defined by occurrences when calls were recorded on both channels 
with a 0.89—1.82 second difference, with microphone sequence determining whether the 
movements were northward or southward. Movements with calls on a single channel or detection 
differences of less than 0.89s or greater than 1.82s were considered noninformative, as it could 
not be inferred whether bats were flying east/west or performing some other form of behavior. 
The “directional” range was chosen based on the theoretical minimum and maximum flight 
speeds of Myotis sodalis calculated in another migratory study (Krauel et al. 2017) and is 
comparable to what others have found when examining foraging and commuting flight speeds in 
other species (Salcedo et al. 1995; Grodzinski et al. 2009). Each microphone was consistently 
pointed either northward or southward. The difference between the timing of first pulse detection 
for each microphone was used to assess direction: positive values were classified as northward 
movements and negative values were classified as southward.  
Statistical Methods 
Chi-square tests were used to assess whether differences existed in species-specific 
seasonal directionality counts (five 2x3 tables). A Bonferroni correction was applied to adjust for 
potential family-wise error, and Pearson residuals were then calculated for each contingency 
table to evaluate significant sources of deviance from expected values. Observed values were 
expected to differ from the expected during the Spring and Fall seasons, as this would indicate 
nonrandom, directional movement patterns. 
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Three a priori binomial generalized linear mixed effects models (GLMMs) and a null 
GLMM were generated with the R package “lme4” using fixed effects to compare species 
grouping hypotheses. These hypotheses varied by whether all species behaved the same (all 
species grouped together), if migratory behavior varied by species (all species independently 
grouped), or if species varied by traditional migratory type classification (species grouped by 
type of migrant: sedentary/regional or long distance). All models included season as a fixed 
effect as well as site and year as random effects. Akaike’s Information Criterion (AIC) was used 
to select the best model, and the top model was chosen for further analysis. 
To further assess the suitability of the top model, variation explained was calculated. The 
variation explained by a model is used to assess a model’s ability to explain the data irrespective 
of p-values (Nakagawa and Schielzeth 2010). Variation explained for the fixed and random 
effects were calculated using the rpt function of the R package, “rptR,” set for binary datatype, 
logit link, and using 1000 bootstraps. All statistical analyses were carried out using R (version 
3.4.3; R Core Team, 2017) 
Results 
In 2016 and in 2017, 254,520 and 287,919 stereo recordings were collected, respectively, 
and nine species were identified by Sonobat. After filtering for classifications made with at least 
95% confidence, removing recordings with insect calls, removing files identified as species with 
<300 occurrences, and excluding noninformative calls, our final dataset was composed of 12,811 
observations of five species: two regional migrants,Myotis lucifugus and Eptesicus fuscus, and 
three long-distance migrants, Lasionycteris noctivagans, Lasiurus cinereus, and Lasiurus 
borealis. 
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Significant differences (Bonferroni correction; alpha = 0.01) in seasonal directional 
movements were found for L. noctivagans (χ2 = 25.84, d.f. = 2, P < 0.001) and L. borealis (χ2 = 
13.04, d.f. = 2, P < 0.01). For both species, a greater number of southward movements and fewer 
northward movements than expected were observed in the Spring. No other differences were 
observed in L. cinereus (χ2 = 8.91, d.f. = 2, P > 0.01), M. lucifugus (χ2 = 3.38, d.f. = 2, P > 
0.01), nor E. fuscus (χ2 = 2.84, d.f. = 2, P > 0.1). 
Among the three candidate models, the species-level differences model was the best 
supported (∆AIC 0), which also carried an AIC weight of one; as a result, inferences from other 
models nor model averaging were considered further (Table 1.1). Variation explained for all 
effects included in our top model were near zero. The random effects of Site (R = 0.008, 
confidence interval [CI] = 0 - 0.021 ) and Year (R = 0.006, CI = 0-0.014 ), as well as the 
combined fixed effects (R = 0.003; CI = 0.002-0.005 ) of season and species, were all near zero. 
Overall, the top model explained less than 2% of the variation in our dataset, suggesting that, 
Figure 3.1. Chi-Square tests found significant differences in seasonal directional patterns for 
Lasionycteris noctivagans and Lasiurus borealis in the Spring. These species more southward 
than northward in the Spring. No other significant differences were found. 
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despite significant differences in some species and by seasons, very little of the observed 
variation in the directionality of recorded passes of bats was explained by species, migratory 
category or season differences. 
Model K AICc DAICc w 
Species+Season 9 17556.46 0 1 
Migratory Type + 
Season 
6 17569.63 13.17 0 
Season 5 17577.76 21.3 0 
Null 3 17583.05 26.59 0 
 
Discussion 
In contrast to past studies using the same methodology for assessing migratory movement 
along linear landscape features, this study found no evidence to support the hypothesis that 
temperate bats extensively use rivers as migratory corridors. Seasonal differences in counts of 
directional passes were found only to differ in spring for L. noctivagans and L. borealis. 
However, further analysis using GLMMs failed to support the hypothesis that any variation in 
directional movements could be explained by seasonal and species-specific factors. The absence 
of expected directional patterns along the study river may suggest that the role major rivers play 
in bat migration has been overstated (Popa-Lisseanu and Voigt 2009). 
Although it has largely been accepted that some species of temperate bats fly along rivers 
and coasts during migration, many details of bat migration remain unclear. Recently, GPS 
tagging of the long-distance migrant, L. cinereus, during the migratory period documented one 
male making several, fairly long-distance multidirectional movements during the migratory 
period, apparently without following any linear landscape features (Weller et al. 2016). 
Table 1.1. AIC table of a priori models. The GLMM with Species and Season was ranked as 
the top model. 
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Likewise, a study on the Indiana bat, Myotis sodalis, found little evidence that animals followed 
rivers during their regional migrations to hibernacula (Krauel et al. 2017). Overall, there appears 
to be little observational evidence that migratory bats actually follow rivers during the migratory 
period, with only one study directly supporting this hypothesis (Furmankiewicz and Kucharska 
2009). Evidence of directional migratory movements along coasts is much more well 
documented (Jarzembowski 2003; Johnson et al. 2011; Rydell et al. 2014; Ijäs et al. 2017). 
However, Pipistrellus nathusii, another long-distance migrant (Pētersons 2004), is known to 
migrate both along the coast of the Baltic Sea (Ijäs et al. 2017) and over the open Baltic Sea 
(Ahlén et al. 2009). This may suggest that rivers and coasts can vary in their importance as 
migratory corridors even within a species or population.  
It may be the case that rivers primarily serve as navigational landmarks used for 
orientation as a component of a larger cognitive map rather than as corridors to be continuously 
followed (Serra-Cobo et al. 2000). Egyptian fruit bats (Rousettus aegyptiacus) displaced from 
their caves by 44 or 84km and released either deep within a natural crater or at the top of the 
crater were documented returning either to their caves or to remote fruit trees they were known 
to feed at (Tsoar et al. 2011). It has been proposed this was possible through the use of “large-
scale cognitive maps” likely paired with other forms of navigation (Tsoar et al. 2011). As bats 
are known to orient themselves using internal magnetic compasses based on Earth’s magnetic 
field (Holland et al. 2006, 2010; Wang et al. 2007), it is feasible that some bats may use rivers 
primarily for facultative orientation or foraging along their migratory journey, and not 
necessarily as an obligate corridor that they must follow to maintain an appropriate heading. 
Internal magnetic compasses are also known to play a role in the navigation of a number 
of other animals during migration (Burda et al. 1990; Lohmann and Lohmann 1993; Durif et al. 
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2013; Munro and Wiltschko 1993). However, the extent to which these animals also rely on 
linear landmarks, or landmarks in general, is unclear. Some migratory birds, for instance, have 
long been though to follow linear landmarks, often referred to as “leading lines,” in avian 
literature (Geyer Von Schweppenburg 1963). However, the importance of these leading lines has 
been called into question by a study on inland migratory ducks, which concluded that ducks 
effectively ignored a major river during their migration (O’Neal et al. 2015). Migrating 
passerines have also been found to display little reliance on leading lines in the form of 
peninsular coasts (Nilsson et al. 2014), and others have found low within-individual repeatability 
in migratory routes, suggesting route familiarity may not inherently be necessary for effective 
migration (Catry et al. 2004; Stanley et al. 2012). 
While this study does not support the hypothesis that bats follow rivers during migration, 
the possibility remains that the data collected were not sufficient to fully capture this behavior. A 
number of recent studies have characterized migratory timing and departure through the use of 
weather variables, most notably atmospheric pressure, wind speed, and temperature (Smith and 
McWilliams 2016; Dechmann et al. 2017; Pettit and O’Keefe 2017). However, most of these 
focused on how these variables drove phenology rather than direction along a route. Hence, it is 
unclear whether the inclusion of these variables would necessarily improve the models of the 
current study. Two studies tracking directional movements of bats along a coast (Jarzembowski 
2003) and a river (Furmankiewicz and Kucharska 2009) found evidence of migratory movements 
while using the same methods as this study without the inclusion of weather variables. 
This study did find seasonal differences in gross movement patterns of two species 
normally classified as long-distance migrants, but our model did not explain much of the 
variation in our data, and, thus, these differences could not be attributed to season. These 
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findings highlight the importance of calculating the variation explained by models before 
drawing superficial conclusions from these models. The absence of any variation explained in 
directional passes by seasonal and species differences calls the role of rivers as migratory 
corridors into question. Recent studies on individual migration of bats suggest some North 
American bats make nonlinear movements in unpredictable directions during the migratory 
period (Weller et al. 2016; Krauel et al. 2017), and the results of this study are in agreement with 
those findings. 
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CHAPTER 2: INFLUENCE OF FORAGING HABITAT AVAILABILITY ON WING 
SHAPE IN TWO NORTH DAKOTA BAT SPECIES 
Abstract 
Foraging success contributes to an animal’s fitness and is often impacted by how well an 
animal is adapted to foraging. Foraging adaptations come in a variety of forms, such as 
morphology and behavior. Wing shape among species is commonly known to differ among bird 
and bat species based on foraging behavior, with animals adapted to maximize efficiency in 
specific foraging habitats. While intraspecific variation in wing shape related to habitat 
occupation and use has been documented in several bird species, this concept is much less 
studied in bats. This study used geometric morphometrics to assess wing shape in two species 
that differ in foraging strategy, as well as to assess within-species variation in wing shape based 
on differences in available habitat types. Wing shape between species differed as predicted by 
foraging strategy, while no biologically significant differences in wing shape were identified 
within species. Interspecific variation in wing shape remain apparent in bats, yet potential drivers 
leading to differences in wing shape within a species remain unconfirmed.  
Introduction 
The ability to be a successful forager can have extensive impacts on fitness, as 
investment in bodily growth and repair, as well as production and care of offspring, is 
inextricably linked to an individual’s rate of energy intake (e.g. Ritchie 1990; Lemon 1991). 
Further, foraging success is highly influenced by the relationship between morphology and 
environment. Variation of homologous structures among taxonomic groups, even closely related 
ones, can be diverse and often exhibit notable specialization based on differences in foraging 
(Norberg and Rayner 1987; Ehlinger and Wilson 1988; Forstmeier and Keßler 2001). A 
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traditional example would be the variation found amongst species of Darwin’s finches, which 
differ notably in beak morphology based on dietary specialization; this is particularly clear 
among species hybrids, which exhibit reduced foraging success compared to either parent 
species (Grant and Grant 1996, 2002).  
Wing shape in many insectivorous birds is also known to be influenced by both foraging 
behavior (which is linked to foraging environment) and migratory behavior (Lockwood et al. 
1998a)—both bear significant energetic consequences and an appropriate wing shape can 
maximize flight performance while minimizing energetic costs. Much of the variation in wing 
shape of birds has been assessed through the use of morphometrics based largely on basic 
measurements and ratios, such as wing area, aspect ratio, and wing loading, among others (Busse 
1967; Hedenström and Pettersson 1986), although there have been criticisms of using such 
measurements (Chandler and Mulvihill 1998). In regard to foraging behavior, species hunting in 
cluttered habitats that require frequent sharp turns have rounder, broader wings that permit 
greater maneuverability. Alternatively, those with narrower, more pointed wings are more suited 
to unobstructed and open foraging habitats, as well as flying greater distances (Norberg 
1990:243). In regards to migratory behavior, studies broadly suggest that migrants have more 
pointed wings and lower wing loadings (narrower wings relative to body mass) compared to non-
migratory individuals (Lo Valvo et al. 1988; Marchetti et al. 1995; Bowlin 2007). These migrant-
specific wing characteristics are known to increase flight efficiency over longer distances 
(Lockwood et al. 1998b; Bowlin and Wikelski 2008). Overall, it is plausible that both foraging 
habitat and migratory behavior can impact wing shape. For example, the Phylloscopus genus of 
warblers exhibits variation in wing elongation and pointedness related to migratory distance, yet 
these changes are also linked to foraging habitat. Species with shorter, rounder wings migrated 
 21 
shorter distances and demonstrated a preference for arboreal habitat for foraging while those 
with longer, pointed wings spent more time in open habitat (Marchetti et al. 1995). 
Traditional measures of wing shape have historically been used in the assessment of bat 
wings, leading to similar conclusions about wing shape as it relates to both foraging behavior and 
migratory behavior across species (Findley et al. 1972; Norberg et al. 1986; Norberg and Rayner 
1987). However, the use of geometric morphometrics analysis, which is used to assess and 
visualize size-independent shape variation in wings, has begun to be used more extensively in 
biomechanical research. Birch (1997) found that landmark-based geometric morphometrics was 
a superior tool to traditional measures for characterizing statistical variation between and among 
species and visualizing shape variation. To date, geometric morphometric analysis in bats has 
been primarily limited to interspecific comparisons (Birch 1997; Schmieder et al. 2015), with, to 
our knowledge, only two studies having examined intraspecific variation in wing shape of bats 
using this method. O’Mara et al. (2016) found that in Nyctalus noctula, males and females 
exhibit significant differences in migration distance and body size but no differences in wing 
shape, which may be due to limitations imposed by their ecological niche or genetic constraints. 
This may suggest that the wing shape of bats is less impacted by migratory flight efficiency and 
more by effectively navigating foraging habitat. Adams (1996) found that juvenile Myotis 
lucifugus with larger and broader wings exploited a wider range of foraging habitats (differing 
degrees of clutter) compared to those with smaller wings, which foraged predominantly in open 
habitat. This may suggest that wing shape is susceptible to selection if a certain mean wing 
morph is superior in a given habitat type. 
The overarching objective of this study was to examine the relationship between wing 
morphology and primary foraging habitat in two widely distributed bat species. The little brown 
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bat, Myotis lucifugus, is one the most abundant bat species in North America. The big brown bat, 
Eptesicus fuscus, is another highly abundant insectivorous species found across much of the 
same range as M. lucifugus. While M. lucifugus is known to be an arboreal forager with short, 
rounded wings and forages in cluttered habitat, E. fuscus typically forages above trees in 
relatively uncluttered, open environments, and, thus, exhibits more elongated and pointed wings 
(Norberg and Rayner 1987). Our work focused on bats from central and western North Dakota, 
which are part of the Northern Great Plains ecoregion. The central part of the state displays a 
large degree of cluttered habitat along a major riparian corridor, and the western part of the state 
is much more open and uncluttered by comparision  Both of these species are commonly found 
in central and western North Dakota, with Myotis lucifugus having previously been shown to 
forage in a variety of habitat types in the study area (Nelson et al. 2015). 
The specific aims were to 1) find expected differences in wing shape between M. 
lucifugus and E. fuscus with geometric morphometrics; and 2) determine whether the wing shape 
of the two study species varies predictably based on regionally expected-foraging habitat 
preferences. Potential effects of sex and year on wing shape are also considered. We predict that 
M. lucifugus, which primarily forages in cluttered habitat, will display typical wing shapes for 
this species, while those primarily using open habitat types will exhibit wing shapes similar to E. 
fuscus (more elongated and pointed wings). E. fuscus primarily forages in habitat independent of 
clutter and is not predicted to exhibit intraspecific variation. 
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Methods 
A total of 1,856 images were collected from 182 individuals in 2017 and 2018, however, 
only images of 138 individuals (88 M. lucifugus and 50 E. fuscus) from 15 different sites across 
the state of North Dakota were of sufficient quality for morphometric analysis. These sites were 
grouped into two categories: bats from western and central ND (Fig. 1.2). Samples collected 
from western sites were primarily from animals captured in or near the North Dakota Badlands 
and Little Missouri National Grasslands, while samples collected from central sites were 
primarily captured along the Missouri River Valley in North Dakota. Western habitat was 
generally characterized by riparian habitat surrounded by dry, irregular geology of steep bluffs 
with low, shrub-like vegetation. Central habitat was characterized by denser riparian habitat with 
lower understory cover, higher ground vegetation, and surrounded primarily by open agricultural 
fields or ranchland. 
Figure 2.1. Capture sites across North Dakota from which morphological data were collected. 
Western sites are shown with black dots (nine), and central sites are shown with white dots 
(six). The Missouri River is shown in black. 
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Individuals were live-captured using standard mistnetting techniques along likely 
flyways. Upon capture, individuals were placed in small cloth bags until processing occurred. 
Standard measurements (mass and forearm length), sex, and reproductive condition were 
assessed and recorded. Following these measurements, bats were fixed to a small piece of 
plexiglass using a strip of Scotch tape that was placed across the thumb and fifth digit of each 
wing (Schmieder et al. 2015). Only non-pregnant, adult bats were used. Individuals were then 
placed on a custom photographing stand with a gridded background scale and a fixed camera 
position. The right wing of each individual was quickly photographed (Nikon D3400), after 
which a wing biopsy sample was collected as part of another ongoing study. Following these 
steps, bats were released back into the wild at the point of capture. All handling methods were 
conducted in accordance with the North Dakota State University Institutional Animal Care and 
Use Committee under protocol (A16056).  
Eleven landmarks and 41 semilandmarks (Fig. 2.2) were chosen to assess the shape of the 
handwing i.e. the skeletal portion of the wing and wing membrane comprised of the 5 distal 
digits and surrounding membrane. The landmarks represent repeatable points along the structural 
skeleton of the handwing and the semilandmarks represent curvature along wing edges and 
bones (Fig. 2.2). During the morphometric analysis, all of which was conducted using the tps 
series software (Rohlf 2004), individuals from both years and species were combined and the 
order of analysis randomized. Landmarks were manually placed using the geometric 
morphometrics software tpsDig and semilandmarks were identified using tpsUtil. Landmark 1 
was placed in the center of the wrist. Landmarks 7, 9, 21, 23, 37, and 39 were placed at the joints 
of fingers 3-5. Landmarks 10, 19, and 35 were placed at the fingertips of fingers 3-5. 
Semilandmarks 2-6, 8, 11-18, 20, 22, 24, 25-34, 36, 38, 40-47, and 48-52 all were placed along 
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the between-wing curvature between fingers as well as non-fixed points along the finger bones 
(see Appendix, Table A1). 
  
Using tpsRelw version 1.69, size and orientation differences were accounted for by 
transforming landmarks using a partial Procustes superimposition, and data were further 
transformed into shape variables, on which a relative warp analysis was conducted. Relative 
warp analysis is synonymous with principal component analysis and, thus, percent variation 
explained by each axis of the relative warps (RW) was extracted. RW scores and centroid size, 
an approximate for wing size, were calculated for all individuals; data was also combined with 
other individual metadata for further analysis. Photographs were subsetted by species using 
Figure 2.2. Landmark (filled circles) and semilandmark (open circle) placement on a bat 
wing. Landmarks are highly repeatable, while semilandmarks may vary in relative placement. 
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tpsUtil. Percent variation explained by each RW, RW scores, and centroid sizes were then 
calculated for within-species analyses of wing shape by location and sex.  
Centroid size variation was assessed between and within species using one-way analysis 
of variance (ANOVA). Three multivariate analyses of covariance (MANCOVA) were also used 
to assess variables potentially influencing wing shape in the combined species dataset, within the 
M. lucifugus dataset, and within the E. fuscus dataset (as represented by RW1-RW10). The 
MANCOVA of the combined dataset of the two species included centroid size as a covariate, 
species, location, sex, a location by year interaction, and a species by location interaction. The 
MANCOVAs for each species used identical variables, excluding those related to species: 
centroid as a covariate, location, and a location by year interaction, and sex. Mean RW scores 
were calculated for the RW affecting variation of variables of focus. Using tpsRelw, these scores 
were used to create thin plate spline deformation grids based on mean RW scores, which can be 
used to visualize variations in shape across groups. Analysis of Covariance (ANCOVA) 
including the same variables identified for the MANCOVAs were used to determine which 
variables significantly affected each RW. The RW which a variable was first found to have a 
significant effect on was used to describe how that variable influenced wing shape also using 
deformation grids. The following RW was also used in these comparisons to characterize as 
much of the variation in these groups as possible. 
Results 
A total of 138 individuals were used for analysis: 88 M. lucifugus (n=47 from central 
ND; n=41 from western ND) and 50 E. fuscus (n=17 for central ND; n= 33 for western ND). 
RW1-RW10 in each relative warp analysis accounted for at least 90% of the variation (combined 
species: 92.03%; M. lucifugus: 90.88%; E. fuscus: 94.04%). 
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Species-comparison 
RW1-RW10 for the combined species dataset accounted for 92.03% of the variation. 
RW1 (34.28%) and RW2 (22.0%) accounted for 56.28% of the total variation explained, where 
RW3-RW10 each accounted for <10% of the variation explained. One-way ANOVA of centroid 
size indicated significant differences based on species (F1,137 = 663.28.11, P < 0.0001). 
MANOVA identified significant effects of centroid size (F1,137 = 78.780, P < 2.2e-16), location 
(F = 2.532, P < 0.01), year (F1,137 = 4.303, P < 0.0001) and species (F1,137 = 7.987, P < 0.0001). 
Sex (F1,137 = 0.822, P = 0.62), a location by year interaction (F1,137 = 1.833, P = 0.062), and a 
location by species interaction (F1,137 = 1.667, P = 0.096) were not found to significantly affect 
wing shape (see Appendix, Table A2). Mean RW scores for RW1 and RW2 were used to assess 
overall wing shape differences between species based on the two axes explaining the most 
variation. These values were multiplied by two in the deformation plots to more clearly visualize 
shape variation. ANCOVA determined centroid size (F1,137 = 33.85, P < 0.0001), year (F1,137 = 
7.18, P < 0.01), and species (F1,137 = 32.77, P < 0.0001) significantly affected RW1. Location (F 
= 4.85, P < 0.0001) was found to be significant on RW3 which explained 8.65% of the total 
variation. RW1 and RW2 were used to characterize overall species differences using 
deformation grids. M. lucifugus had an overall shorter wing, with overall less concavity along the 
edges of the wing membrane, resulting in a broader, rounder mean wing shape. E. fuscus is 
clearly more elongated with deeper concavity of the wing membranes, resulting in a narrower, 
more pointed wing shape (Fig. 2.3A)  
M. lucifugus 
RW1-RW10 for the dataset solely containing M. lucifugus accounted for 90.88% of the 
total variation. RW1 (31.41%) and RW2 (16.86%) accounted for 48.28% of the variation. RW3 
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accounted for 11.64% while RW4-RW10 each accounted for <10% of the variation. One-way 
ANOVA of centroid size found no significant effect of location on centroid size within M. 
lucifugus (F1,87 = 1.68, P =0.20). MANOVA found centroid size (F1,87  = 5.18, P < 0.0001) and 
location (F1,87  = 3.42, P < 0.01) to significantly affect wing shape. Year (F1,87  = 1.70, P = 
0.096), sex (F1,87  = 0.817, P = 0.61) and an interaction of location by year (F1,87  = 1.31, P = 
0.24) were not found to vary significantly. ANCOVA determined only centroid size (F1,87  = 
9.59, P < 0.01) significantly affected RW1 (see Appendix, Table A3). Location (F1,87 = 15.28, P 
< 0.01) was found to be significant at RW5, which only explained 5.28% of the total variation. 
Mean RW scores for RW5 and RW6 were used to assess overall wing shape differences between 
locations. These values were multiplied by ten in the deformation plots to more clearly visualize 
shape variation. Variation in shape along these axes was likewise explored using deformation 
grids along RW5 (5.8% variation explained) and RW6 (4.82% variation explained) to encompass 
as much of the location-based variation in shape as possible. No discernible differences are 
readily apparent between M. lucifugus sampled at central versus western sites. Overall broadness 
of wing shape and pointedness appear largely the same (Fig. 2.3B). 
E. fuscus 
RW1-RW10 for the dataset solely containing E. fuscus accounted for 94.04% of the total 
variation. RW1 (43.5%) and RW2 (17.27%) accounted for 60.77% of the total variation. RW3 
accounted for 11.32% of the variation, while RW4-RW10 accounted for <10% of the variation. 
One-way ANOVA found no effect of location on centroid size (F1,49 = 0.002, P = 0.96). 
MANOVA found a significant effect of centroid size (F1,49 = 4.46, P < 0.001), location (F1,49 = 
2.62, P < 0.05), and year (F1,49 = 3.83, P < 0.01) on wing shape, while sex (F1,49 = 0.1.664, P = 
0.130), and an interaction of location by year (F1,49 = 1.25, P = 0.30) were not found to have   
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A 
B 
C 
Figure 2.3. Deformation grids of mean wing shapes of compared groups as they differ from 
the overall mean shape. A. depicts how M. lucifugus (left) and E. fuscus (rights); B. depicts 
M. lucifugus from central sites (left) and western sites (right); C. depicts E. fuscus from 
central sites (left) and western sites (right). 
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wing shape differences between locations. These values were multiplied by ten in significant 
effect on wing shape (see Appendix, Table A4). ANCOVA determined centroid size (F1,49 = 
5.96, P < 0.001) and year (F1,49 = 6.79, P < 0.05) significantly affected RW1; Location (F1,49 = 
4.09, P < 0.05) was significant for RW4, which only explained 6.47% of the totalvariation. Mean 
RW scores for RW4 and RW5 were used to assess overall the deformation plots to more clearly 
visualize shape variation. Variation in shape along these axes was likewise explored using 
deformation grids along RW4 (6.47% variation explained) and RW5 (4.01% variation explained) 
to encompass as much of the location-based variation in shape as possible. No discernible 
differences are readily apparent between E. fuscus sampled at central versus western sites. As 
with M. lucifugus, overall broadness of wing shape and pointedness appear largely the same (Fig. 
2.3C). 
Discussion 
Geometric morphometric methods have been used in many different contexts, including 
assessing variation among phylogenetically distant species (Birch 1997), differentiating between 
closely related species (Schmieder et al. 2015), and investigating the effect of behavioral 
dimorphism on wing structure in temperate bats (O’Mara et al. 2016); it remains one of the best 
tools for shape assessment. Variation in wing shape between M. lucifugus and E. fuscus, as 
assessed with geometric morphometrics, varied as predicted based on known foraging strategy 
and previous studies (Norberg and Rayner 1987; Birch 1997). While impacts of habitat on wing 
shape achieved statistical significance, assessment of deformation grids calls the ecological 
relevance of these results into question. For both M. lucifugus and E. fuscus within-species 
analyses, no distinction could be made using the deformation grids to visualize differences 
between habitat types, leading to the conclusion that there is no discernible functional adaptation 
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of wing shape to these two environments by these species. This is not surprising given the RWs 
for which location was significant explained little of the variation in either species.  
High levels of gene flow may account for the lack of observed localized adaptation to 
habitat. Although there is a paucity of population structure information from bats in the Northern 
Great Plains, there is little overall differentiation of nuclear DNA across the range of M. 
lucifugus, with no apparent strong barriers to gene flow (Lausen et al. 2008; Vonhof et al. 2015). 
Females of this species, the majority in our study, are highly philopatric (Dixon 2011) and, thus, 
are likely to be exposed to consistent summer foraging habitat from year to year. However, M. 
lucifugus is capable of making migrations of over 500km (Norquay et al. 2013), so it is possible 
that there is interbreeding among bats sampled in central and western sites separated by ~200km. 
If gene flow is occurring freely, localized adaptive divergence may be constrained (Hendry et al. 
2001; Bolnick and Nosil 2007; Moore et al. 2007).  
Less information is known regarding the population structure and overall movement 
patterns of E. fuscus. There are two known distinct mitochondrial lineages of E. fuscus (eastern 
and western) thought to have diverged during the Pleistocene. However, these two lineages are 
known to currently occur sympatrically, appear to be hybridizing, and lack apparent divergence 
in morphology (Nebaum et al. 2007). Further, E. fuscus is largely thought to exhibit migratory 
behavior similar to M. lucifugus (Fleming and Eby 2003), where individuals traveling a variety 
of distances meet and mate at common hibernacula during the winter (Kurta and Baker 1990). As 
with M. lucifugus, it is possible that a high degree of gene exchange among populations reduces 
the potential for habitat-specific adaptation in this system. 
Conflict of selective forces on wing shape also may contribute to an absence of observed 
differences in wing shape within species. In some birds, differences in migratory tendency and/or 
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distance is associated with population-level differentiation in wing shape (Milá et al. 2008; 
Baldwin et al. 2010). Yet, this relationship between morphology and migration was not found in 
Nyctalus noctula, the common noctule bat, a species with sexually dimorphic migratory behavior 
(O’Mara et al. 2016). However, there has been only one within-species geometric morphometrics 
study of wing shape as related to migration (O’Mara et al. 2016), so these results should not be 
considered all-inclusive. Thus, it is possible that differing migratory behavior among the sampled 
populations acts to oppose selection related to habitat types. As with the population structure of 
M. lucifugus and E. fuscus in the study area, little information is known about the seasonal 
movement patterns of these bats. E. fuscus and M. lucifugus have been documented 
overwintering in the geologic crevices in the western region of North Dakota (Barnhart and 
Gillam 2017), confirming that at least some individuals in this area do not migrate. However, it 
is possible that migratory tendency varies among individuals. The lack of natural hibernacula 
available in other parts of the state suggests migration should be necessary, however, E. fuscus 
has been observed overwintering in anthropogenic structures in North Dakota (personal 
observations), whereas M. lucifugus has not been observed overwintering outside of western 
North Dakota. Due to this lack of information it is difficult to determine whether there may be 
conflicting selective forces on wing shape.  
A third potential explanation for the lack of intraspecific differentiation is that differences 
in habitat availability may not coincide with predicted differences in habitat use. These bats may 
be seeking out habitats specific to their preferences and, therefore, may not be under the selective 
pressures of a sub-optimal habitat type. While the overall landscapes of the study areas differed, 
there were still areas in the western habitat type that displayed similarity to the central habitat 
type, especially in riparian zones. Bats in Britain were found to preferentially select certain 
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habitat types across a variety of landscape types, irrespective of availability (Walsh and Harris 
1996). Further, M. lucifugus is known to modulate habitat use based on wing loading (mass to 
wing area ratio) (Kalcounis and Brigham 1995). If alteration of foraging behavior shifts 
significantly with such a temporally labile trait (Baker et al. 1968; Kunz et al. 1998), any 
potential effects of habitat availability affecting habitat use and, further, wing shape may be 
constrained by this mass-linked variation in behavior. 
This study further supports the known shape characterization of M. lucifugus and E. 
fuscus, using geometric morphometrics. We did not find population-level differentiation in wing 
shape among two populations in the Northern Great Plains occupying different types of summer 
habitat that differ in levels of vegetative clutter. High gene flow, variation in migratory behavior, 
and intra-individual variation in foraging behavior may be responsible for the lack of expected 
differences in wing shape. To date, there remains no evidence for intra-specific variation in size-
independent wing shape as affected purely by migratory behavior or foraging strategy. However, 
the limited sampling of bat species for these investigations constrains our ability to draw broad 
conclusions. Future studies examining the effect of foraging behavior on wing shape should 
investigate populations on a broader geographic scale, that are genetically isolated, and in 
habitats more distinctly different than the ones sampled in this study. Studies incorporating 
genetic information, habitat characterization, and large sample sizes may uncover this pattern of 
intraspecific variation largely confirmed in birds, yet unresolved in bats. 
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CHAPTER 3: CONCLUSIONS 
The objective of Chapter 1 was to use acoustic monitoring of echolocation to assess 
directional movements of bats along a major river corridor in Spring, Summer, and Fall. Two out 
of five bats were found making more southward movements in the Spring than expected, 
however, this could not be attributed to overall seasonal movement trends, based on variation 
explained using generalized linear mixed effect models. Further, these statistically significant 
patterns did not align with the species’ life history, as findings suggested these two bats moved 
in the opposite direction to their known migratory pattern. Overall, no evidence was found for 
linear movement of bats along the Missouri River during migratory periods, suggesting the bats 
in this study system do not obligately follow the river.  
The objective of Chapter 2 was to use geometric morphometrics to assess differences 
between two sympatric species differing in foraging behavior (open versus cluttered foraging) as 
well as examine population differences within species in regard to predominant available habitat 
type. Wing shape differences between species were found, aligning with past research using 
traditional morphometrics and known differences in foraging strategies. Specifically, the species 
foraging in open habitat had narrow, elongated, pointed wings, while the clutter forager had 
broader, shorter, rounder wings as predicted. Within species, statistically significant differences 
in wing shape were found between locations, yet exaggerated visualizations of wing shape for 
within species comparisons displayed no discernible differences. 
 Population genetics, stable isotopes, and banding have long been used to infer broad-
scale movement patterns of bats and are responsible for much of what is known about bat 
migration (Fleming and Eby 2003). While these studies are valuable, they are limited by their 
inability to answer questions about the fine-scale movement patterns of bats. More recently, 
 39 
researchers have attempted to use acoustics and traditional radiotelemetry to investigate 
landscape-level aspects of bat migration (e.g. Neubaum et al. 2006; Furmankiewicz and 
Kucharska 2009; Johnson et al. 2011). However, there are relatively few of these studies, and 
some of the inferences made are widely cited, yet rarely replicated. The first chapter of this thesis 
specifically aimed to test the claim that temperate bats use rivers as migratory corridors as found 
in the one study, widely cited testing this (Furmankiewicz and Kucharska 2009). The results of 
this did not find evidence in support of this claim. 
 As with bat migration, the study of wing morphology is undergoing a shift in 
methodology. Wing shape historically has been assessed using traditional morphometrics, which 
relied heavily on physical measurements and ratios, tracings, and was most easily conducted on 
museum or euthanized specimens (e.g. Norberg et al. 1986). These methods yielded many 
important insights regarding wing shape as it relates to foraging behavior, migration, and overall 
flight efficiency. Among species, birds and bats were found to vary in wing shape 
(narrow/pointed versus broad/rounded) largely as impacted by how they forage and aspects of 
their migratory ecology (Norberg et al. 1986; Norberg and Rayner 1987; Lo Valvo et al. 1988). 
Geometric morphometirics, a method of analyzing the shapes of structures using repeatable 
points placed on images (Rohlf 2015), has been proven to be more effective at characterizing 
closely related species (Schmieder et al. 2015). Thus, geometric morphometrics is expected to 
more effectively characterize intraspecific variation than traditional morphometrics. Intraspecific 
in wing shape in bats, in respect to migratory behavior, has been assessed using geometric 
morphometrics (O’Mara et al. 2016), yet this has not been applied intraspecifically to bat species 
occupying different habitat types. The second chapter of this thesis aimed to test potential 
differences in wing shape within species based on predominant available habitat, while further 
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validating differences between two species differing in foraging strategy. No differences were 
found within species, but the predicted differences between species were validated.  
Increases in technological advances as well as reassessment of methods will likely 
contribute to considerable improvements in assessing the migratory ecology and morphology of 
bats. The first study ever using GPS tags to track a temperate bat was conducted recently and 
determined that migratory temperate bats are capable of making large movements over relatively 
short time spans without following any conspicuous landscape features (Weller et al. 2016). 
Further, a large scale study designed to test traditional assumptions of a common regionally 
migratory bat found no strong evidence that these bats closely followed rivers, as commonly 
accepted (Krauel et al. 2017). While these studies are limited by small sample size, logistic 
issues, and technological limitations, the evidence found offers significant insights into aspects 
of migratory behavior previously unknown. As technologies continue to improve in the coming 
years, and the possibility of long-term sampling with remote data logging approaches, our 
understanding of bat migratory behavior is expected to improve drastically. Although 
morphological studies will undoubtedly benefit from continued technological improvements, 
conclusions of these studies may become more powerful by increasing sample size, increased 
sampling areas across a greater geographical range, and incorporating genetic data to ensure 
isolation, all of which will provide a finer resolution from which to assess morphological impacts 
by environment. 
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APPENDIX. ADDITIONAL INFORMATION 
 
Landmark Description Type
1 Center of wrist Landmark
2 Base of 2nd finger Semilandmark
3 Base of 3rd finger Semilandmark
4 base of 4th finger Semilandmark
5 base of 5th Semilandmark
6 Between the base of 5th finger and 1st knuckle of 5th finger Semilandmark
7 Base of 1st knuckle on 5th finger Landmark
8 Between 1st and 2nd knuckle on 5th finger Semilandmark
9 Base of 2nd knuckle on 5th finger Landmark
10 Wingtip of 5th finger Landmark
11 Along wing edge between 5th and 4th Semilandmark
12 Along wing edge between 5th and 4th Semilandmark
13 Along wing edge between 5th and 4th Semilandmark
14 Along wing edge between 5th and 4th Semilandmark
15 Along wing edge between 5th and 4th Semilandmark
16 Along wing edge between 5th and 4th Semilandmark
17 Along wing edge between 5th and 4th Semilandmark
18 Along wing edge between 5th and 4th Semilandmark
19 Wingtip of 4th finger Landmark
20 Between the base of 4th finger and the 1st knuckle of the 5th finger Semilandmark
21 Base of 1st knuckle on 4th finger Landmark
22 Between 1st and 2nd knuckle on 4th finger Semilandmark
23 Base of 2nd knuckle on 4th finger Landmark
24 Between base of 2nd knuckle on 4th finger and wintip of 4th finger Semilandmark
25 Along wing edge between 4th and 3rd Semilandmark
26 Along wing edge between 4th and 3rd Semilandmark
27 Along wing edge between 4th and 3rd Semilandmark
28 Along wing edge between 4th and 3rd Semilandmark
29 Along wing edge between 4th and 3rd Semilandmark
30 Along wing edge between 4th and 3rd Semilandmark
31 Along wing edge between 4th and 3rd Semilandmark
32 Along wing edge between 4th and 3rd Semilandmark
33 Along wing edge between 4th and 3rd Semilandmark
34 Along wing edge between 4th and 3rd Semilandmark
35 Wingtip of 3rd finger Landmark
36 Between base of 3rd finger and 1st knuckle of 3rd finger Semilandmark
37 Base of 1st knuckle of 3rd finger Landmark
38 Between base of 1st knuckle and base of 2nd knuckle on 3rd finger Semilandmark
39 Base of 2nd knuckle of 3rd finger Landmark
40 Wing edge along 3rd finger Semilandmark
41 Wing edge along 3rd finger Semilandmark
42 Wing edge along 3rd finger Semilandmark
43 Wing edge along 3rd finger Semilandmark
44 Wing edge along 3rd finger Semilandmark
45 Wing edge along 3rd finger Semilandmark
46 Wing edge along 3rd finger Semilandmark
47 Wing edge along 3rd finger Semilandmark
48 Along the outer edge of the 2nd finger. Semilandmark
49 Along the outer edge of the 2nd finger. Semilandmark
50 Along the outer edge of the 2nd finger. Semilandmark
51 Along the outer edge of the 2nd finger. Semilandmark
52 Along the outer edge of the 2nd finger. Semilandmark  
Table A1. Landmark and semilandmarks descriptions used to assess bat wing shape. 
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Variable Df Pillai approx 
F 
num Df den Df Pr(>F) 
 
Centroid Size 1 0.86699 78.87 10 121 < 2.2e-16 *** 
Location 1 0.17306 2.532 10 121 0.008334 ** 
Year 1 0.26233 4.303 10 121 3.81E-05 *** 
Species 1 0.39756 7.985 10 121 8.77E-10 *** 
Sex 1 0.06361 0.822 10 121 0.608181 
 
Location:Year 1 0.13154 1.833 10 121 0.061755 . 
Location:Species 1 0.12108 1.667 10 121 0.096161 . 
Residuals 130 
      
Variable Df Pillai approx 
F 
numDf denDf Pr(>F) 
 
Centroid Size 1 0.41518 5.1824 10 73 1.05E-05 *** 
Location 1 0.31934 3.4249 10 73 0.00101 ** 
Year 1 0.18923 1.7038 10 73 0.09606 . 
Sex 1 0.10064 0.8169 10 73 0.61334 
 
Location:Year 1 0.152 1.3085 10 73 0.24224 
 
Residuals 82 
      
 Table A2. MANCOVA results for between species analysis (combined dataset of M. 
lucifugus and E. fuscus). 
Table A3. MANCOVA results for within species analysis of M. lucifugus. 
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Variable Df Pillai approx 
F 
numDf denDF Pr(>F) 
 
Centroid Size 1 0.56056 4.4648 10 35 0.00044 *** 
Location 1 0.42795 2.6184 10 35 0.01715 * 
Year 1 0.52237 3.8279 10 35 0.00147 ** 
Sex 1 0.27334 1.3165 10 35 0.26007 
 
Location:Year 1 0.2632 1.2503 10 35 0.29524 
 
Residuals 44 
      
  
Table A4. MANCOVA results for within species analysis of E. fuscus. 
